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Abstract Luminal amino acids and lack of luminal acidity
as a result of acid neutralization by intragastric foodstuffs
are powerful signals for acid secretion. Although the
hormonal and neural pathways underlying this regulatory
mechanism are well understood, the nature of the gastric
luminal pH sensor has been enigmatic. In clinical studies,
high pH, tryptic peptides, and luminal divalent metals (Ca2+
and Mg2+) increase gastrin release and acid production. The
calcium-sensing receptor (CaSR), first described in the
parathyroid gland but expressed on gastric G cells, is a
logical candidate for the gastric acid sensor. Because CaSR
ligands include amino acids and divalent metals, and
because extracellular pH affects ligand binding in the pH
range of the gastric content, its pH, metal, and nutrient-
sensing functions are consistent with physiologic observa-
tions. The CaSR is thus an attractive candidate for the
gastric luminal sensor that is part of the neuroendocrine
negative regulatory loop for acid secretion.
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Introduction
Gastric acid secretion, like any other bodily function, is
regulated according to need. Because acid secretion is
needed most just prior to a meal, neural and other
mechanisms triggered by smell and taste increase the rate
of acid secretion (cephalic phase) followed by meal-
stimulated secretion. Through acid neutralization, food in
the stomach increases intragastric pH, which is sensed by
antral sensors, releasing gastrin, which increases the rate of
parietal cell acid secretion. This acid secretion helps initiate
meal digestion, which then acidifies the gastric lumen after
the food empties, lowering gastric pH and decreasing
gastrin release, impairing acid secretion. Feedback regula-
tion of gastric acid secretion was confirmed several decades
ago, based on the work of Andersson and Olbe [1], and
other researchers, who described that the rate of acid
secretion was decreased when acid was introduced into an
isolated antral pouch in dogs. Formal gastric analysis in
humans also was consistent with antral acid negatively
feeding back to the oxyntic mucosa. The mechanism of this
regulation includes activation of afferent nerves by antral
acid with consequent local somatostatin release, decreasing
acid secretion. Although the neuronal circuitry and hor-
monal inputs to parietal cell secretion are relatively well
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understood, the nature of the antral acid sensor has been
elusive. Although many molecular acid sensors are
expressed in the gastrointestinal tract, such as the acid-
sensing ion channels (ASICs) and transient receptor
potential (TRP) channels, few data supported their antral
localization and function as antral acid sensors.
One early observation that may provide a tantalizing
hint to the nature of the antral sensor is the function of
luminal calcium as a potent acid secretagogue. Before the
advent of current histamine type-2 receptor antagonist
(H2RA) and proton pump inhibitor (PPI)-based antisecre-
tory therapies, the primary method of ulcer treatment was
acid neutralization, which was achieved by the adminis-
tration of dairy products or by the use of alkaline calcium
salts. Research in the 1970s revealed that luminal calcium
significantly increased gastrin release and thus could
paradoxically increase acid secretion [2, 3]. Magnesium
and aluminum-based antacids also increase serum gastrin,
although to a lesser extent [4, 5]. Interestingly, the gastrin
response was pH modulated, with increased secretion
noted in an alkaline environment [4] and calcium effects
abolished when administered in a pH 1 solution [3]. These
data, however, supported the presence of a gastric mucosal
calcium sensor, the molecular nature of which was
identified only recently.
Gastric Anatomy
Before discussing the current understanding of intragastric
pH sensing mechanisms, it is helpful to quickly review the
basic principles of gastric anatomy and acid secretion. The
stomach is composed of two major regions, the oxyntic and
the antral mucosae. The oxyntic mucosa, which is the locus
of the acid-secreting parietal cells and constitutes 80% of
the acid-secreting gastric mucosa, is located proximally in
the gastric body and fundus. The oxyntic mucosa also
contains histamine-secreting enterochromaffin-like (ECL)
cells and pepsinogen-secreting chief cells. The distal 20%
of gastric mucosa contains antral pyloric glands with
gastrin-secreting G cells. Both regions include surface
mucous cells, mucous neck cells, enterochromaffin (EC)
cells, and D cells, which secrete the important regulatory
peptide somatostatin [6••, 7].
Regulation of Acid Secretion
The control of gastric acid secretion from parietal cells is an
orchestration of neuronal, hormonal, and paracrine signal-
ing that regulates the secretion of hydrochloric acid through
the H+/K+ ATPase pump. Three distinct phases of acid
secretion exist. Basal acid secretion is under a relative tonic
inhibition of somatostatin on parietal, EC, and G cells.
During the cephalic phase, the preparation for eating—
including thought and sensory cues from the sight, smell,
and taste of food—stimulate the central nervous system.
Activated vagal efferent preganglionic neurons synapse
with postganglionic neurons of the enteric nervous system
located in the stomach wall, leading to the innervation of
target cells in gastric mucosa [6••, 7]. Cholinergic stimula-
tion releases acetylcholine, which activates muscarinic M3
receptors on parietal cells. Furthermore, cholinergic stimu-
lation of G cells releases gastrin, and activates gastric acid
secretion directly and indirectly because gastrin also
releases histamine, a direct parietal cell agonist, from ECL
cells. In parallel, cholinergic stimulation inhibits somato-
statin release. Relieved of its suppression, the parietal cell is
enabled to increase acid production. Moreover, the enteric
nervous system releases neurotransmitters, including
gastrin-releasing peptide (GRP) [8] and pituitary adenylate
cyclase-activating polypeptide (PACAP), further increasing
local concentrations of gastrin and histamine, respectively
(Fig. 1) [9, 10].
A rapid increase in gastric acid secretion occurs during
the gastric phase as a result of the meal effects of gastric
wall distension and luminal nutrient exposure. Sensory
stretch receptors in the body and antrum activate vagal
reflexes, which increase acid secretion as described above.
Luminal exposure to amino acids, ethanol, calcium, and
coffee contribute to further gastrin release [11]. During a
meal, foodstuffs buffer the gastric content, raising luminal
pH, and then enabling gastric acid secretion to continue.
Finally, the intestinal phase occurs when stomach contents
reach the duodenum. The general response of this phase is
inhibition of gastric acid through the release of enter-
ogastrones, such as gastric inhibitory peptide, cholecysto-
kinin, secretin, and glucagon-like peptide-1. In response to
intestinal luminal fat, these hormones activate the inhibitory
somatostatin pathway.
Feedback Control
Antral control of acid secretion is under the hormonal
direction of gastrin and negatively regulated by the paracrine
effects of somatostatin. Feedback mechanisms adjust acid
output by modulating somatostatin-related inhibition of
gastrin release. One feedback pathway is the direct stimulation
of D-cell somatostatin release by gastrin [12], which, in turn,
indirectly inhibits further gastric release from G cells.
Nevertheless, the main feedback control mechanism mon-
itors luminal acidity and adjusts acid secretion and gastrin
release accordingly, with the observed decrease in gastrin
and acid secretion at low antral pH and increased acid
secretion as intragastric pH rises and luminal acidity wanes.
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The regulation of gastrin and gastric acid secretion by
intra-luminal pH was noted more than 40 years ago. In
canine and human subjects, the increase of gastrin and acid
secretion was observed at an intragastric pH of 2.5 or
higher [13] with abolishment of acid output at pH 1.0 [1].
One identified pathway by which this feedback control is
carried out is via the release of neuropeptide calcitonin
gene-related peptide (CGRP) by gastric sensory afferent
nerves. CGRP increases somatostatin release, indirectly
decreasing gastrin and acid secretion (Fig. 1A). The release
of CGRP and inhibition of gastrin were reported to be pH
dependent in rats [14]. Yet, the pathway by which acid
secretion is enhanced in the setting of high intragastric pH
is still incompletely understood [6••].
As discussed, CGRP contributes to the feedback control of
acid secretion, although there undoubtedly are other pathways
yet to be elucidated. D cells present in antral mucosa and in
fundic gastric glands have distinct characteristics. Antral D
cells have apical processes that contact the gastric lumen,
enabling response to acidity, peptides, and neuronal mediators
(open type) (Fig. 1A). Fundic D cells, however, lack these
sampling probes and therefore the ability to sense luminal
content (closed type) (Fig. 1B) [15]. In rat studies, antral D
cells were identified as acid sensitive because of decreased
somatostatin production measured after treatment with
proton-pump inhibitors, whereas corpus D cells, likely
comparable to D cells in the gastric glands of the fundus,
are CGRP sensitive and therefore under the influence of the
gastric sensory afferent nerves rather than direct luminal
content [16]. Although these observations have not been
consistent with other studies that reported a CGRP effect on
antral D cells [14, 17], they provide insight into the existence
of alternate mechanisms of pH sensing.
Sensory Afferent Nerves
The sensory afferent nerves of the stomach respond to
changes in luminal pH and acid content. These chemo-
sensitive neurons are present in the dorsal root ganglion of
the spinal nerves and the nodose ganglion of the visceral
sensory nerves [18]. Visceral afferent pathways in rat
mucosa can be sensitized by acid and inflammation to
trigger enhanced nociceptive visceromotor responses,
which may contribute to symptoms of dyspepsia [19].
The exact molecular sensors encoding gastric acid
chemonociception are not known although several candi-
dates have been identified [20]. Capsaicin-sensitive TRP
Fig. 1 Hormonal and paracrine signaling regulating gastric acid with
respective receptors. Antral gastric glands (A) contain G cells (G),
mucous cells (M), and open type D cells (D). Fundic oxyntic glands
(B) contain enterochromaffin-like cells (ECL), mucous cells (M),
parietal cells (P), and closed-type D cells. The neuronal circuits from
the enteric nervous system (ENS) with acetylcholine (Ach) release and
selected neuropeptide output are also shown. Feedback control of acid
secretion by extrinsic sensory afferent nerves (SA) of nodose and
dorsal root ganglion origin includes calcitonin gene-related peptide
(CGRP)–related somatostatin release, which indirectly decreases
gastrin release (shown in A). The SA nerves monitor luminal acidity,
decreasing acid output as pH decreases below 2.5 with reciprocal
effects as pH increases. The calcium-sensing receptor (CaSR) depicted
on the luminal surface of a G cell is in the family C of G-protein
coupled 7 transmembrane receptors (A inset). Agonists include
calcium and polyvalent cations such as gadolinium with activity
modulated allosterically by L-amino acids and luminal pH. CCK2
cholecystokinin receptor 2; GRP gastrin-releasing peptide; GRPR
GRP receptor; H2 histamine receptor type 2; M3 muscarinic receptor
type 3; PACAP pituitary adenylate cyclase-activating polypeptide;
PAC1 PACAP receptor type 1; SST somatostatin; SST2 SST receptor
type 2; (+) stimulating action; (−) inhibitory action. (Adapted from
Wank [10].)
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vanilloid subtype 1 (TRPV1) is also activated by protons
and thermal stimuli, giving it the potential to transduce
polymodal nociception [21]. In rat studies, TRPV1 activity
was more prevalent in the visceral nodose ganglion than in
the spinal afferents [20], and thus might act as the acid
sensor for the visceral afferent nerves.
Several classes of ASICs have differential expression on
somatic and visceral sensory neurons [20], although the
contributions from the different channels to gastric
mechano- and chemosensation are still being elucidated.
In the visceral afferent neurons of the nucleus tractus
solitarii in mice, ASIC2 attenuates afferent signaling after
gastric acid insult. Similar methods have identified TRPV1
and ASIC3 as the predominant proton-sensitive ion
channels in gastric sensory neurons [22••]. In particular,
ASIC3 may play a key role in gastritis-evoked hyper-
responsiveness to acid [23•].
The sensation of dyspepsia may correlate with activation
of afferent sensory nerves by gastric acid that has diffused
or is transported through the mucosal barrier. Once the
afferent nerves sense an acid load, the conducted signals
mainly function to increase mucosal protective factors via
gastric vasodilation, hyperemia, and increased bicarbonate
secretion and mucus production. Additionally, afferent
sensory nerve activation contributes to feedback modula-
tion of gastrin and somatostatin levels. As previously
discussed, this process has been demonstrated by the action
of CGRP, which is a marker for sensory afferent neurons. A
recent study confirmed the linear relationship between
increasing CGRP levels and decreasing gastric pH from
3.0 to 0.5 that was also dependent on the presence of
extracellular calcium, but independently of TRPV1 or
ASIC3 function. Although the respective channel antago-
nists had inhibitory effects on CGRP release, the level of
inhibition was not different in the stomach of receptor
knockout mice [24••]. These findings suggest the existence
of a different calcium-dependent receptor for acid sensing,
requiring further investigation.
Calcium-Sensing Receptor: Candidate for Novel Gastric
Chemosensor
The calcium-sensing receptor (CaSR) is a member of the G-
protein coupled receptor family C with widespread distri-
bution, most notably in tissues of the parathyroid and
kidney, where it helps maintain extracellular calcium
homeostasis [25]. The gastric mucosal CaSR is localized
to the basolateral membrane of parietal cells and mucous
cells [26, 27], the apical and basolateral surface of antral G
cells [28], and most recently its presence was detected on D
cells [29••]. Although the function of CaSR in the gastric
mucosa is a subject of ongoing research, the multiple
substances that modulate its activity, including cations,
amino acids, and pH, make it an intriguing candidate for
gastric chemosensing [30••] (Fig. 1A, inset).
Polyvalent Agonists
CaSR present on parietal cells in intact rat gastric glands
[26] and human gastric tissue [31] is activated with the
divalent cations Ca2+ and Mg2+, which enhances histamine-
induced, H+/K+ ATPase-mediated acid secretion. Using the
potent stimulant Gd3+, CaSR activation can also occur
without histamine [26]. In addition, CaSR is also present on
antral G cells [28]. The stimulation of CaSR in human
cultured antral G cells releases gastrin. The receptor relies
on extracellular calcium binding and phospholipase C-
mediated opening of nonspecific cation channel and
elevating intracellular calcium [32]. Stimulation of CaSR
in vivo with the allosteric agonist cinacalcet supports the
above findings, because significant increases in serum
gastrin levels and basal gastric acid secretion have been
reported [33•]. Because CaSR has been identified on the
apical surface of G cells by immunohistochemical staining
[28], it is possible that luminal sensing of calcium by CaSR
triggers the increase in gastrin and acid secretion noted after
ingestion of calcium-containing antacids.
Amino Acid Agonists
Intravenously administered amino acids and high-protein
diets stimulate gastric acid secretion [34] during the gastric
phase of acid secretion because luminal food content leads
to rising gastrin levels. The CaSR has the ability to detect
nutrient amino acids, and thus may serve as the mediator of
the gastric phase response. In rat ex vivo whole stomach
and parietal cells studied in vitro, exposure to L-Phe and L-
Trp in the presence of physiologic levels of extracellular
calcium augments acid secretion in a pattern most consis-
tent with allosteric activation [35], independent of secreta-
gogue pathways such as gastrin or histamine.
Heteromeric L-type amino acid transporters are present
on the basolateral surface of mice and rat parietal cells.
These transporters consist of 4F2hc and LAT2 heavy
chains, functioning as exchange transporters for neutral
amino acids. Administration of glutamine and phenylala-
nine stimulates H+/K+ ATPase-mediated acid secretion,
presumably by the intracellular exchange of amino acids
and through a histamine-independent pathway [36]. To-
gether, these two amino acid-responsive systems may
account for the increase of acid secretion after high-
protein diets and may contribution to gastroesophageal
reflux disease symptoms.
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Modulation by pH
The CaSR is activated by polyvalent cations and polycationic
molecules as described above. One stipulation is that rather
than using specific motifs, the ligand binding on CaSR may
occur through electrostatic interactions that screen charged
side chains of amino acids or cationic charges. CaSR
activation may be modified by extracellular pH because the
acid–base balance of ligands and receptor binding sites is pH-
dependent [37]. Modulation of CaSR-mediated responses by
luminal pH and the augmentation of acid secretion by CaSR
ligands, combined with its strategic localization on the cells
of the gastric secretory regulatory pathway, suggests that the
CaSR may serve as a gastric luminal pH sensor.
In vitro studies on CaSR-transfected HEK 293 cell line
by Quinn et al. [37] confirmed an extracellular pH-
dependent activation of CaSR, as manifest by increased
intracellular Ca2+ in the presence of extracellular Ca2+ and
Mg2+. From pH 7.5 to 9.0, CaSR activation was enhanced,
shifting the threshold concentration and effective concen-
tration for 50% curve for Ca2+ to the left, whereas the
opposite was observed with pH 5.5 to 7.5. Interestingly,
activity of the CaSR was markedly increased below pH 5.5
independent of agonist stimulation. In accordance with
these findings, when exposed to a constant extracellular
calcium concentration, CaSR activation had a linear correla-
tion with extracellular pH, demonstrating one manner in
which it may serve as a pH sensor. Because the CaSR is
present on the basolateral surface of G cells and parietal cells,
one consideration is that exposure to the alkaline environ-
ments (eg, the alkaline tide after gastric secretion) would
further enhance CaSR activation. Surprisingly, the opposite
relationship of pH-dependent CaSR sensitization was reported
when examining organic polycationic agonist molecules, such
as spermidine, neomycin, or histatine-5, each containing
multiple titratable amine groups [37]. For these ligands,
acidic pH enhanced activation of CaSR. The varying
response may result from key differences in protonation
states, because the polyvalent molecules have dissociation
constants within the pH range of the gastric lumen, whereas
the inorganic cations Ca2+ and Mg2+ have a high negative
logarithm of the acid ionization constant such that their net
charge would not have been affected in this study.
Conclusions
Our evolving knowledge regarding the physiology of acid
secretion and its regulation has produced progressively
more effective treatments for peptic ulcer disease and acid
reflux. Early therapeutic approaches, including surgical
antrectomy, vagatomy, and simple antacids, have primarily
been replaced by H2RAs (developed in 1972) and PPIs
(introduced in 1989). Despite these highly effective treat-
ments, many people still suffer persistent symptoms and
new therapeutic targets are sought to control acid secretion.
Regulation of gastric acid secretion by luminal pH is a
potentially important control mechanism. Convergent clin-
ical, biochemical, molecular, and physiologic data support
the CaSR as the putative gastric acid sensor in addition to a
neural CGRP-mediated mechanism. Recently, the CaSR
was identified on isolated rat gastric D cells, with CaSR
ligands increasing somatostatin release [29••]. In light of
prior known actions of CaSR activation increasing gastrin
and acid secretion, the net effect of CaSR ligands may
depend on its relative expression in each cell type, whether
stimulatory G cells or inhibitory D cells, and whether the
endocrine cells are of the closed or open type. CaSR
knockout mice lack gastrin release in response to luminal
Ca2+, peptone, or rise of pH [30••], supporting CaSR as a
luminal acid sensor. With continued studies, we may soon
better understand the nature of intragastric chemosensing
and design therapies based on CaSR ligands.
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